Background: Antiepileptic drugs (AEDs) have sedative properties which may lead to an increased risk of pneumonia. Objectives: To investigate whether incident AED use is associated with an increased risk of pneumonia among communitydwelling persons with Alzheimer's disease (AD). In addition, we determined the risk according to duration of AED use and specific AEDs. Methods: Persons with AD were identified from the MEDALZ dataset which includes all community-dwelling persons who received a clinically verified diagnosis of AD during . New AED users were identified with one-year washout period. A matched cohort (1 : 1, N=5,769, matching criteria age, gender, and time since AD diagnoses) of nonusers was formed. Data from nationwide registers included dispensed medications which were modelled with PRE2DUP method, hospitalizations, and causes of death. The association between AED use and hospital admission or death due to pneumonia was analyzed with Cox proportional hazard models. Results: AED use was associated with an increased risk of pneumonia (adjusted HR 1.92, 95% CI 1.63-2.26; incidence rate per 100 person-years 12.58, 95% CI 12.49-12.66 during AED use and 6.41, 95% CI 6.37-6.45 during nonuse). The highest risk was observed during the first month of use (aHR 3.59, 95% CI 2.29-5.61) and the risk remained elevated until two years of use. Of specific drug substances, phenytoin, carbamazepine, valproic acid, and pregabalin were associated with an increased risk. Conclusion: Antiepileptic drug use may increase the risk of pneumonia which is concerning as persons with AD have elevated risk of pneumonia.
INTRODUCTION
Cognitive disorders causing dementia are an increasing public health concern worldwide [1] . The number of dementia cases is estimated to double every 20 years due to population aging as aging is the ISSN 1387-2877/19/$35.00 © 2019 -IOS Press and the authors. All rights reserved major risk factor for these conditions. Alzheimer's disease (AD) is the most common form of dementia, accounting for 60-70% of all cases. Due to progressive cognitive impairment and decreasing independence in activities of daily living, dementia disorders and AD result in substantial healthcare and societal costs [2] .
Behavioral and psychological symptoms of dementia (BPSD) are common among persons with AD [3, 4] . Clinical care guidelines list antiepileptic drugs (AEDs), in addition to psychotropic drugs as one possible option for BPSD pharmacotherapy. The Finnish guideline states that oxcarbazepine and valproic acid can be used to treat agitation and aggression and pregabalin as a possible treatment for anxiety. However, they are not recommended as a first-line treatment, and non-pharmacological therapies as well as possible indications for other psychotropics (such as serotonin selective reuptake inhibitors and second generation antipsychotics) should be considered before AEDs [4] . Further, more recent data shows that valproic acid is ineffective for agitation in dementia and may be associated with unacceptable rate of adverse effects [5] . Besides epilepsy and BPSDs, AEDs may be used for various other indications of which neuropathic pain is most frequent in older population [6] .
Incidence of hospital-treated pneumonia increases strongly with age, and pneumonia is a common reason for hospitalization among older population [7] . Pneumonia is one of the leading causes for hospitalization among persons with AD [8] . As persons with dementia also are at increased risk of mortality from pneumonia [9] , it is important to assess possible factors increasing the risk of incident pneumonia in this population. Of medications affecting the central nervous system, use of antipsychotics [10] and more recently also benzodiazepines [11] have been associated with an increased risk of pneumonia, among persons of all ages and also among persons with AD. To our knowledge, only one previous study has assessed the risk of pneumonia associated with AED use, and found that among persons with bipolar disorder, the risk was evident for antipsychotics but not for AEDs, specifically valproic acid and carbamazepine [12] . AEDs may have sedative effects [13, 14] especially among older persons, and sedation increases the risk of aspiration [15] which in turn may lead to increased risk of pneumonia. As the use of AEDs is relatively common (5%) among persons with AD [16] , it is important to investigate if AEDs are related to higher pneumonia risk among them.
As recent evidence has linked several serious adverse events to antipsychotic use among older persons with dementia, antiepileptic drugs may be considered as alternatives for treatment of BPSDs [17] . However, there is a lack of evidence on safety aspects of antiepileptic drug use among persons with dementia. The objective of this study was to investigate whether incident antiepileptic drug use is associated with an increased risk of pneumonia among community-dwelling persons with AD. In addition, we determined the risk according to duration of AED use and specific AEDs.
MATERIALS AND METHODS

Study cohort
The MEDALZ (Medication use and Alzheimer's disease) cohort was utilized in this study to identify persons with AD [18] . The MEDALZ includes all community-dwelling persons who were diagnosed with AD between 2005 and 2011 in Finland (70,718). Persons with AD were identified from Special Reimbursement register which includes data on persons entitled for higher reimbursement of medication due to chronic diseases. The Finnish Current care guideline recommends that all persons with clinically verified AD should be prescribed anti-dementia drugs (acetylcholinesterase inhibitors or memantine) if there is no contraindication for use [4] . The diagnostic process of AD is conducted according to a predefined protocol set by the Social Insurance Institution of Finland (SII), including symptoms consistent with AD, exclusion of alternative diagnoses, and computed tomography or MRI scan according to the NINCDS-ADRDA [19] and DSM-IV criteria. Certificate describing clinical findings and fulfillment of criteria, confirmed by a geriatrician or neurologist is sent to SII which grants special reimbursement if the criteria are fulfilled. AD diagnoses recorded in the Special Reimbursement register have high positive predictive value for AD (97.1, 95% CI 84.7-99.9) [20] .
Registers
For the MEDALZ cohort [18] , data from several nationwide register has been collected; Prescription register (years 1995-2015) , Special Reimbursement register , Hospital Discharge register , and socioeconomic data since 1970 and causes of death 2005-2015 from Statistics Finland.
All registers are linkable with personal identification number which has been assigned for each resident. The Prescription register includes information on all reimbursed drug purchases from Finnish community pharmacies to all residents. Drugs used during stays in hospitals and public nursing homes are not recorded in the Prescription register. Data in this register is categorized according to Anatomical Therapeutic Chemical-classification system (ATC) codes [21] and purchased amount is recorded also as Defined Daily Doses (DDD) which is the assumed average maintenance dose per day for a drug used for its main indication in adults. Hospital care periods with corresponding discharge diagnoses are recorded in the Hospital Discharge register. Other comorbid conditions were also identified from the Special Reimbursement register including diagnoses both from inpatient and outpatient care physicians.
Exposure
Antiepileptics were defined according to ATC class N03A. AEDs are reimbursed in Finland, for all residents and higher reimbursement for those with diagnosed epilepsy. They are available only as prescription drugs. AED use was modelled with 'From prescription drug purchases to drug use periods' (PRE2DUP) method from drug purchases recorded in the Prescription register data [22] . Each ATC code for each person is modelled separately. The method is based on calculation of sliding averages of daily dose in DDDs according to individual drug use patterns. It takes into account on hospitalizations (when drugs are provided by the caring unit and not recorded in the register), stockpiling of drugs and changing dose. The method is guided with ATC-code and Nordic Article Number (vnr-number, i.e., package identifier) based parameters which restrict joining of purchases according to clinically relevant minimum and maximum doses. For single purchases, the method uses typical durations of the purchased package in the study sample. To retrieve duration of "any AED use", overlapping drug use periods of AED substances were combined and continuous duration of use was constructed.
Outcome
Pneumonia diagnoses were retrieved from the Hospital Discharge register and Causes of death register data. Pneumonia was defined as ICD-10 codes J100, J110, J12, J13, J14, J15, J16, J18, and only the first event after AD diagnoses was considered for each person. Thus, pneumonia events in this study represent only those, which led to hospitalization or death (i.e., more severe cases).
Study setting
Incident antiepileptic users were identified as those initiating AED use after diagnoses of AD and not using AEDs within one-year washout period (new user design). Persons hospitalized for >50% of the washout period and those who were hospitalized/institutionalized for >90 days at the end of the washout period were also excluded as drug exposure cannot be accurately defined for hospitalized persons. As active cancer and its treatment are major risk factors for pneumonia, we excluded persons with active cancer based on the following definition; hospitalization due to cancer (ICD-10 codes C00-C97; or surgical procedures related to cancer as NOMESCO codes AAG50, AX, HA0, PJO, QA0, QB0, QC0, QD0, QW0, QX0, WA, WB, WC, WD, WE, WF0, WFO, ZX0) or antineoplastic medication use (ATC codes L01, L02, L03AA, L03AB01, L03AB04, L03AB05, L03AC, L03AX (excluding L03AX13), L04AA10, L04AA18, L04AA34, L04AX02, L04AX03, L01BA01; except methotrexate use in persons with rheumatoid arthritis), within a year preceding AED initiation [23] . Persons hospitalized due to pneumonia within 6 months before AED initiation were excluded to ensure new pneumonia events in the analyses. In addition, persons hospitalized/institutionalized the entire follow-up period were excluded. These exclusions are described in detail in Figure 1 .
For each incident AED user, a nonuser with AD was matched (1 : 1) to form a matched cohort. Nonusers were matched at the initiation date of AED use, based on age (±2 years), gender and time since AD diagnoses (±90 days) with incidence density sampling. The same exclusion criteria were applied to nonusers as described for AED users. Age, gender, and time since AD diagnoses were utilized in the matching because they were judged to have the greatest impact on risk of pneumonia [24, 25] . We excluded 69 users without a matched nonuser. The follow-up started on the date of AED initiation for users (n=5769) and the corresponding matching date for nonusers (referred as the index date). 
Covariates
Covariates associated with AED use [16, 26, 27] and risk of pneumonia [28, 29] were considered based on previous studies. Comorbid conditions were identified based on diagnoses recorded in the Hospital discharge register (since 1996) and Special Reimbursement register (since 1972). Both data sources were utilized when defining coronary artery disease, asthma/COPD, and rheumatoid arthritis. Diagnoses based on special reimbursements only were epilepsy and diabetes (although antidiabetic drug use was also considered for diabetes definition). Diagnoses based solely on hospital discharges were previous cancers and pneumonia. Occupational socioeconomic status in the middle age (age of 45-55) was based on data from Statistics Finland as the highest position recorded for each person. Previous antiepileptic drug use (since 1995 until one year before start of follow-up) was derived from PRE2DUP-modelled drug use. Recent use of medications was defined during a 30-day period before start of follow-up as use of psychotropics including benzodiazepines and related drugs (BZDRs), antipsychotics and antidepressants, and other drugs including oral glucocorticoids, nonsteroidal anti-inflammatory drugs (NSAIDs), and proton pump inhibitors (PPIs). Specific definitions are provided in Supplementary Table 1 . Occupational socioeconomic status included missing data (no records at Statistics Finland) for about 1% of the cohort (coded as "unknown" category). Other variables did not include missing data.
Statistical analyses
The follow-up for users and their matched nonusers ended to the first of the following events; hospitalization or death due to pneumonia (outcome), longterm (>90 days) hospitalization/institutionalization period, death due to other causes, or the end of study BZDR, benzodiazepines and related drugs; COPD, chronic obstructive pulmonary disease; PPI, proton pump inhibitor; NSAID, non-steroidal anti-inflammatory drugs follow-up (December 31, 2015). The follow-up also ended on discontinuation of AED use for users, and on initiation of AED use for nonusers. Incidence rate for first-time pneumonia per 100 person-years (with 95% confidence interval) was calculated and compared between AED users and non-users. Cox proportional hazard models were utilized to investigate risk of pneumonia associated with incident AED use. Proportional hazard assumption was ascertained by Kaplan-Meier graphs. The matched design was taken into account in the models (own strata for each matched pair). In all analyses, nonusers were the reference category. Any continuous AED use was analyzed in the main analyses. For duration of AED use, time varying any AED use was modeled using categorical time-dependent variable with classes for ≤30 days, 31-180 days, 181-365 days, 366-731 days, and over 731 days of exposure. AED users were stratified according to AED substance used at the initiation, and persons starting with multiple AEDs concomitantly were excluded. The analyses were restricted to the first 2000 days of use due to sparsity of data. The level of statistical significance for drug-drug comparisons was set at p < 0.0045 according to Bonferroni correction (0.05/11=0.0045, with 11 being the number of studied AEDs).
To investigate the impact of informative censoring, intention-to-treat (ITT) analyses were conducted by not censoring to discontinuation of use, initiation of use for non users or long-term hospitalization. These analyses were restricted to the first 180 days of follow-up. Whether the risk of pneumonia was related to underlying epilepsy, we 132 excluded all persons with epilepsy from both users and nonusers, and retained the matching between these groups (resulting in 5184 users and 5184 nonusers). Any AED use as an exposure was then analyzed among this restricted cohort. In addition, we conducted sensitivity analyses with case crossover design which is a within-individual design aimed to control for fixed unmeasured confounding by comparing case period (before the event) with control period of the same person. All persons with pneumonia event and using AEDs after AD diagnoses were included in this sensitivity analyses. Two case periods were constructed (1-14 days and 1-30 days before pneumonia) and three control periods (31-45 days, 61-74 days, and 61-90 days before). The analyses were adjusted for time-dependent use of antipsychotics, benzodiazepines and related drugs, immunosuppressants (ATC L04A) and oral corticosteroids (H02AB).
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Statistical analyses were performed using SAS statistical software, version 9.4 (SAS Institute, Inc., Cary, NC). Register maintainers retrieved data from the registers and only de-identified data was provided to the research team. No ethics committee approval was required according to Finnish legislation as only register-based data was used and participants were not contacted.
RESULTS
The final study sample included 5769 AED users (which represent 8.2% of the original study cohort) and their 5769 age-, gender-and time since AD diagnoses matched comparison persons not using AEDs. Mean age of the matched cohort was 80 years (80.3, SD 7.9 for users and 80.4, SD 7.9 for nonusers) and most of them were women (66.7% in both groups). Median time since AD diagnoses at the initiation of AED use (or the corresponding index date for nonusers) was 862 (IQR 354-1527) days for users and 858 (IQR 354-1519) days for nonusers. Most persons (43%, n=2497) initiated with pregabalin.
Incident AED users were more likely to have coronary artery disease, diabetes, asthma/COPD, previous pneumonia, previous fracture, and epilepsy than nonusers (Table 1) . They were also more likely to use psychotropic drugs, NSAIDs, PPIs, and oral glucocorticoids at the baseline than nonusers.
During the median follow-up time of 176 (IQR 51-549) days for users and 839 (IQR 350-1448) days for nonusers, 806 and 994 pneumonia events were recorded, respectively. Incident AED use was associated with an increased risk of pneumonia (adjusted HR [aHR] 1.92, 95% CI 1.63-2.26) ( Table 2) . Incidence rate of pneumonias per 100 person-years was higher during AED use (12.58, 95% CI 12.49-12.66) than during no use of AEDs (6.41, 95% CI 6.37-6.45). The risk of pneumonia was highest during the first month of use (aHR 3.59, 95% CI 2.29-5.61) and although decreased gradually, was still elevated after 1-2 years of use (aHR 1.42, 95% CI 1.03-1.95).
When persons with diagnosed epilepsy were excluded, the results remained similar (aHR 1.92, 95% CI 1.63-2.27) ( Table 2) . ITT analyses resulted in a similar increase in the risk of pneumonia as the main analyses (aHR 2.33, 95% CI 1.89-2.87).
Valproic acid, phenytoin, carbamazepine, and pregabaline were associated with an increased risk of pneumonia in substance specific adjusted analyses (Table 3 ). All these associations were statistically significant also after Bonferroni correction. Unadjusted results indicated higher risk also for oxcarbazepine and levetiracetam but these associations lost significance after adjusting for confounders.
Among 5958 persons included in case-crossover analyses, AED use was consistently associated with higher odds of pneumonia, regardless of the control window, with unadjusted odds ratios (ORs) ranging from 1.84 to 1.91 (Table 4) . Adjustment for timedependent use of antipsychotics, benzodiazepines and related drugs, immunosuppressants, and oral corticosteroids did not have major impact on the results (e.g., OR 1.88, 95% CI 1.30-2.70 with case window 1-14 days and control window 31-45 days before the pneumonia).
DISCUSSION
Incident AED use was associated with two-fold increase in risk of pneumonia in our study. The risk was highest during the first 30 days of use but remained elevated until two years of use. Of specific drugs, the risk was found for phenytoin, carbamazepine, valproic acid, and pregabalin. A previous study among persons with bipolar disorder (mean age 44) did not find an increased risk of pneumonia for AEDs, specifically valproic acid and carbamazepine [12] . However, older persons with AD (mean age 80 years) may be more sensitive to adverse effects and events associated with these drugs than adults with bipolar disorder.
AEDs have been reported to affect the immune system with several different mechanisms affecting cytokines as well as humoral and cellular immunity, e.g., valproic acid, carbamazepine, and phenytoin have been reported to have immunomodulatory effects [30] . However, the clinical relevance of these effects is uncertain, as only topiramate was significantly associated with an increased risk of infection in a recent meta-analysis [31] . Due to the small number of topiramate users, our results on topiramate are not reliable.
Sedation may lead to pneumonia by increasing aspiration risk [15] . The increased pneumonia risk observed for phenytoin, carbamazepine and valproic acid may therefore be related to sedative properties of these drugs [13, 14, 32, 33] . In addition, although pregabalin has been suggested not to have serious central nervous system (CNS) adverse effects in healthy adults, [34] it has also been shown to have sedative properties in older surgical patients [35] and adult persons with epilepsy [36] . Increased somnolence risk was reported also in systematic review by Zaccara et al. [37] . As adverse effects of AEDs are most prominent during the initiation and early treatment, [38] this may explain the fact that pneumonia risk was highest during the first month of the drug use.
We lacked information on indication of AED use. In a previous Norwegian study, neuropathic pain was the most common indication for AED use among persons aged ≥60 years, with pregabaline and gabapentin being the most common AEDs for this indication [6] . It is likely that this is also the case in our study population although pregabaline may also be used for BPSDs [4] . In the Norwegian study, levetiracetam, lamotrigine, carbamazepine, and valproic acid were most common drugs for epilepsy but lamotrigine and valproic acid also for psychiatric reasons, mainly bipolar disorder [6] . In our study, lamotrigine was rarely used. Use of valproic acid, the second most commonly used AED in our study was likely for epilepsy as in the Norwegian study [6] but also for BPSDs as it and carbamazepine are mentioned as second-line options in clinical care guideline for AD [4] .
Our finding on the risk of pneumonia associated with incident AED use was not explained by epilepsy. Less than 10% of users had epilepsy and sensitivity analysis excluding persons with epilepsy resulted in similar risk estimates as the main analyses. The number of persons using AEDs without epilepsy diagnosis is relatively high in our study. It is likely that AEDs are frequently prescribed to treat neuropathic pain, [6] prevalence of which is estimated to be between 7 and 10% in general population [39] . Neuropathic pain is more common in older people, [40] and AEDs can be used to treat neuropathic pain; however, their use is limited in older population due to tolerability and adverse effects [41, 42] . At least half of patients attending outpatient dementia clinics have been reported to suffer from some psychological or behavioral disturbance [43] . Therefore, it is likely that BPSDs are common also in our community-dwelling study population. AEDs may be attempted to treat BPSDs [44] . However, controlled trial data on the use of AEDs for BPSD symptoms is currently available for carbamazepine and valproate only. Carbamazepine was effective in treatment of BPSDs, especially agitation, aggression, and hostility [5] . However, low doses of valproate did not differ from placebo in the treatment of BPSD, but higher valproate doses led to frequent adverse effects such as sedation, falls, urinary tract infections, and gastrointestinal problems [5] . Although low-dose gabapentin has been found effective in BPSD treatment in a small sample [45] . AEDs cannot, in general, be recommended for treating BPSDs except for patients for whom other treatments have failed [5, 46] .
Strengths and limitations
A major strength of our study was a large, nationwide cohort of community-dwelling persons with AD, leading to high generalizability of the results to community-dwelling persons with AD. The study was restricted to hospitalizations and deaths due to pneumonia. As it lacks community-treated cases, the results are representative of the more severe pneumonia cases. AED use was modelled from Prescription register data time-dependently with a validated modelling method [22] . All AEDs are reimbursed in Finland and available only with prescription and thus, they are recorded in the register. The analyses were restricted to incident AED users to avoid survival and selection biases related to prevalent users which tolerate the drug effects. The matching of a nonuser for each user aimed to control for most important predictors of pneumonia risk, i.e., age, gender, and time since AD diagnoses, as a proxy for severity of AD.
The limitations include that we lacked data on status of BPSD and cognition or progression of AD. In addition, indications for AED use such as neuropathic pain were lacking in the register-based data which may result into confounding by indication. Also, some important lifestyle factors, such as smoking, were not available in the utilized registers. Thus, residual confounding cannot be ruled out. However, we performed sensitivity analysis using self-controlled design and the results were comparable to main results, suggesting that confounding by indication and residual confounding did not fully account for the observed association. The Prescription register data does not include information on drugs used during hospital stays and thus, we restricted our analyses to the first pneumonia events and censored at long hospital care periods.
CONCLUSIONS
AED use may increase the risk of pneumonia in persons with AD, who already have an elevated risk for pneumonia. Our results further demonstrate the risk of adverse events associated with incident AED use. It should be acknowledged, that AED treatment is necessary for persons with epilepsy, but the indications have spread out to other conditions where the evidence on effectiveness and efficacy is often less convincing. Therefore, the use of AEDs in these situations should be carefully considered, and less sedative alternatives should be preferred, especially in this fragile group of aged persons.
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